Does adoption of shared electronic banking network technology in the financial services indusby exhibit S-curve growth pattems as other technolo& do? lkis paper examines this ksue in an econometric analysis of the national networks, CIRRUS and PLUS. When the size of the CIRRUS and PLUS networks grew into the range of market saturation, network operators decided in favor of "duality", a move to share their assets, while maintaining separate corporate identities. This research offers empirical evidence that it may be necessary to fomulate more sophisticated models to describe the process of adoption and diffusion of an innovation in the presence of market competition.
Introduction
Telecommunications technology changes the nature of competition significantly. By networking, fkms that operate on a national basis may achieve massive economies of scale, in which average costs decrease as the size of operations and transactions volume increase. They can also deliver high levels of customer service by offering comprehensive geographic coverage. In addition to economies of scale, telecommunications networks exhibit positive network externalities for the users: the utility that a member derives from a network increases as other firms join the network (Rohlfs, 1974) . The participation of new members in a shared network, thus, may induce other f m s to adopt or participate.
Because of network externalities and economies of scale, the owner of a network has an incentive to expand. On the demand side, as the network grows, those fiims that have not adopted the network will come under increasing pressure from their customers.
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New York University Shared networks are rapidly becoming a competitive necessity in business, and are likely to have fundamental impacts in a wide variety of industries. In the financial sexvices arena, the growth of shared electronic banking networks has been especially significant In fact, electronic banking network evolution is heading from a world of regional& and national& shared networks towards universal access that will create scale economies that were not possible in the past (Kauffman and Theisen, 1990) . The two largest national electronic banking networks, CIRRUS and PLUS, are the best known examples. Because large-scale, off-site deployment of automatic teller machines (ATMs) is hard to justify without a universal card base, many depository financial institutions have turned to shared national ATh4 networks to offer customers greater access to their bank accounts. This also offers the bank an opportunity to earn interchange revenue, when other banks customers' transactions require value-added switching.
In this paper, we investigate the adoption and diffusion pattern of telecommunications networks through an empirical analysis of the growth of PLUS and CIRRUS. Individual diffusion patterns are examined to verify if the Sshaped growth curve hypothesis still holds.
Innovation Diffusion and Adoption
Rogers (1983) proposed a adopters classification scheme, which assumes that the noncumulative adopter distributionover time takes the form of a bell-shaped curve. The growth pattern of the cumulative number of adopters corresponding to the bell-shaped distribution is an Scurve, which has been used successfully in the literature to characterize the diffusion process of many innovations. Mansfield (1961 Mansfield ( , 1968 argued that diffusion of an innovation throughout an industry follows a logarithmic curve. That is, the growth over time in the number of f m s having adopted an innovation should conform to a logistic function, an S-shape growth curve. Various models have since then been proposed to represent the time pattern of technological changes, and used for technological forecasting. Some of the well known models include the imitation model suggested by Fisher and Pry (1971) and the Gompertz curve (Hendry, 1972; Martino, 1975) , both having the characteristic S-shaped pattern.
The Diffusion of Telecommunications Network
Theoretical foundations. The focus of theoretical research on network externalities in the telecommunications context has been on the positive demand side externalities: the value of adopting an innovation or standard depends on how many others adopt it (Dybvig and Spatt, 1983) . Thus, the probability that an individual firm will adopt a telecommunications network also should be a nondecreasing function of $e number of existing adopting firms.
Because of scale economies and network externalities, the dynamics of industries subject to network externalities are fundamentally different from those of conventional industries (Katz arld Shapiro, 1986) . Network goods have a greater tendency towards monopoly (or greater concentration) than services that do not generate externalities, and the strength of the network externalities that accrue from an existing installed base may lead to a bandwagon effect that results in social choices of inferior network technologies (Farrell and Saloner, 1986) .
In terms of the diffusion pattern for network goods, the literature has failed to reach a conclusion. Artle and Averous (1973) demonstrated that under certain conditions, the resulting growth process is a logistic curve. Markus (1987) suggested that modifications to the traditional S-curve are required to account for "interactive communication media", e.g., electronic mail and facsimile machines. She argued that communication media, in general, face start up problems and the prospect of outright failure in the early stages. On the other hand, the adoption of communication media becomes progressively more attractive, the more it has been adopted by others. Therefore, she argued that the diffusion curve for successful interactive communication technologies should be exponential rather than S-shaped.
Cabral (1990) presented a dynamic economic model of innovation adoption when there are network externalities. He concluded that if network externalities are strong, the adoption path may be discontinuous. He showed analytically that the adoption path may include a catastrophe point. This is in sharp contrast with the case of diffusion with no network externalities, where the adoption is presumed to be a smooth function. He argued that a steep S-shaped adoption path can be interpreted as an approximation to a discontinuity in the adoption path.
Empirical findings.
In an empirical application, Chaddha and Chitgopekar (1971) argued that the cumulative telephone growth in an area should be S-shaped if the saturation level --defined as the maximum telephone market in an area -is constant over time. Thus, they suggested that a simple logistic function may be used to fit the available data to obtain forecasts of telephones.
A recent study by Gurbaxani (1990) examining the adoption pattern of BITNET, a telecommunications network linking computer users in academic hstitutions, is most closely related to the present study in terms of the characteristics of network technology. BITNET, however, operates in a non-competitive environment, though other computer network alternatives exist Gurbaxani hypothesized that the cumulative number of BITNET adopters grows according to an S-curve. He tested two popular formulations of the growth process leading to an Scurve: the Gompertz and logistic curve. Estimating both curves with BITNET data, the author found that the logistic curve described the growth pattern very well, while the Gompertz curve did not.
Modeling Approach
When determining the appropriate functional form, one often has to balance between finding the best fitting curves and employing simplg ones that fit well enough. We chose to employ the Gompertz and logistic curves since they are the two specifications most widely used to descnie the Sshaped diffusion curve (Gurbaxani, 1990) , and hence, their use allows us to focus on important issues rather than on model generation and to compare diffusion patterns of various innovation technologies.
The Gompera and the logistic curve can be expressed as equation (1) and (2), respectively (Gurbaxani, 1990): where YT represents the total number of network adopters up to time T, So, St, and D2 are the parameters to be determined, T is time, and * is the exponentiation operator.
For the Gompertz curve, YT is an increasing Scurve which approaches the saturation level of adoption, So, as T + 00 when B1 and Bz are between 0 and 1. The curve reaches its maximum growth rate when YT = Sde = Ymax/e (e=2.718), which is 36.7 percent of its saturation level (Martino, 1975) . For S1>O and O<Bzcl, the logistic curve is also an S-curve, which approaches the saturation level of network growth, l/Bo, as T -+ 00. The growth rate function is symmetric around the inflection point (where the growth rate is maximized), when YT = 1/2So = Ymax/2, which is half the saturation level.
Towards Universal Access: The Case of CIRRUS and PLUS
Shared electronicbanking networks started as proprietary networks owned by individual banks, and accessible only by that bank's customers. When the banks realized that there were benefits associated with sharing ATMs, they first created locally and regionally shared networks, and later expanded their scope to reach the national and international levels. Felgran and Ferguson (1986) characterize the evolution of ATM networks in terms of five phases -proprietary, shared, multiple memberships, direct links, and universal (or global) sharing -and they argue that this evolution has been a function of changing cost structures and marketing strategies over time. Most notable among the recent developments in shared electronic banking have been the strategic moves of some of the largest banks that have directly participated in the creation and promotion of shared services at the regional and nation-wide leveL Electronic banking appears to have been transformed: senior executives no longer view it as a (nearly) not-for-profit enterprise. Today they realize that networked servicing offers rich opportunities for the most innovative firms to profit, and some have already taken steps to cash in. We next illustrate these changes in the context of the evolution of CIRRUS and PLUS, in preparation for additional formal econometric analysis of their growth patterns.
CIRRUS Network
CIRRUS was organized in 1982 by ten banks that wanted to expand their regional networks to achieve national coverage (Gifford and Spector, 1985) . In September 1987, CIRRUS and WsterCard announced their intentions to form a union, while maintaining CIRRUS as a trademark for shared ATM services. Prior to that time MasterCard operated its own shared network called MasterTeller. The subsequent acquisition of CIRRUS by MasterCard in January 1988 had a major impact on the network's members. By 1988, about 85 percent of the members of the MasterTeller network, with more than 800 members and 10,OOO ATMs, had chosen to participate in CIRRUS. When it became clear that consumer recognition of CIRRUS dominated MasterTeller, MasterCard moved to phase out MasterTeller in 1989. The acquisition resulted in further economies of scale and an expanded membership base, and hence, CIRRUS has realized broader geographic coverage and cost savings. In 1990, the number of members had reached about 5400, two orders of magnitude larger than when CIRRUS was established. Table 1 presents data on the growth of CIRRUS ATM locations. CIRRUS grew steadily in terms of the cumulative ATM locations until mid 1990, when the network appeared to take off. Figure 1 presents a time line of CIRRUS growth with brief annotations of the major events.
PLUS Network

PLUS was originally conceived in 1977 by
D. Dale Browning, then president of Colorado
National Bank, as a means of competing with bigger banks (Snitzer, 1987) . By 1979, more than 15 percent of the banks in Colorado, New Mexico, and Wyoming had joined the network. In 1982,26 leading U.S. commercial banks from around the U.S. incorporated the PLUS System for the specific purpose of establishing a national shared ATM network as a not-for-profit membership organization (PLUS Annual Report, 1988 
National Network Duality
McAndrews (1992) suggested three factors that enable predictions to be made about whether one or the other will become dominant 1) a clear technological edge; 2) a large and growing installed base of member firms; and 3) an appropriate ownership and governance structure: When firms judged CIRRUS and PLUS in terms of the three distinguishing factors above, it appeared to them that neither one nor the other would become dominant. By 1990, there was growing evidence that the size of the CIRRUS and PLUS networks had grown into the range of market saturation. To achieve further network externalities and economies of scale, consolidations between the national networks were logicat CIRRUS and PLUS used to have exclusive membership rules that prohibited their members from participating in other national networks. But an agreement to share ATMs by the two national ATM networks was finalized in 1989. Duality is the name given to the interchange agreement between CIRRUS and PLUS. Under this agreement, a member of one, can accept transactions by cardholders from the other at a nominal fee (McAndrews, 1991) . In the summer of 1990, the interface was activated, a move that could eventually double the size of the network ATh4 base available to customers in the U.S. because PLUS and CIRRUS members were allowed to join the other network.
Measure and Data Collection
We now present our rationale for selection of a specific measure of electronic banking network growth -the number of ATM locations as opposed to the number of ATMs on fhe network. This supports our concept of technological diffusion in this research the growth of links to CIRRUS and PLUS primarily among existing, but also among new locations. The reader should keep in mind that CIRRUS and PLUS themselves do not deploy ATMs. Instead, they link ATMs deployed by member banks. A description of the data set and the data collection process follows.
Measure Selection
We examined a number of candidate measures in terms of their adequacy in capturing the essence of the network size construct and usefulness for practitioners interested in making forecasts of network growth. The relative success of an ATM network may be measured by the number of cardholders, on-line ATMs, ATM locations, network members, or volume of network transactions. The number of cardholders and volume of network transactions depend on the acceptance and usage of the technology by consumers, who are influenced by brand recognition and marketing education programs. Using the number of network members as the measure has a potential flaw: counting member banks aggregates huge national banks and small community banks, which are likely to contribute differently to the perceived externality value of the shared network.
The number of on-line ATMs and ATM locations are better alternative measures of the growth of ATM networks. But, because a bank can deploy anywhere from one to ten ATMs at a single location, it seems as though using the number of machines would not represent the locational convenience from which the externalities actually arise. In addition, we learned through our field study research that the number of locations may be the only data that is widely available. Thus, we employ the number of ATM locations as the measure.
Data Collection
For historical data on the number of ATh4 locations, we acquired all published location directories from 1984 to 1992 for CIRRUS and PLUS.
We later hired a group of eight undergraduate students to count the number of ATM locations by state and by network in three supervised sessions. ATM locations for both CIRRUS and PLUS were then recounted by state to ensure data quality. Finally, for each state, the growth trend in ATM locations was visually checked for discrepancies. SuspiciouS data were identified and discrepancies were resolved. AU numbers for state ATM locations in a particular location directory were then aggregated to the national level. Because CIRRUS and PLUS location directories published after May 1990 include dual ATM locations, we obtained data on the number of ATM locations without duality from CIRRUS and PLUS to avoid the problem of double counting.
Results and Discussion
We now examine the underlying growth pattern of CIRRUS and PLUS by performing formal statistical analysis.
We first fit the Gompertz and logistic curves with full data sets for CIRRUS and PLUS, and briefly discuss the results of the analysis. Then we reestimate both curves with revised data sets, omitting those observations after the second quarter of 1990, when the move to duality occurred.
Results of Preliminary Analysis
Non-linear least squares (NU) estimation in LIMDEP 6.0, an econometric software package, was used to estimate the Gompertz and logistic cuwes and to determine their parameters, Bo, D,, and a2. An Scurve model is considered to fit well if the following criteria are met 1) the minimizing function converges and the minimum of the function can be found; 2) the R2 value is high (although it is only a necessary, but not a sufficient, condition for a good fit); 3) the t-tests for the estimated parameters are significant; 4) the implied saturation level is reasonable; and 5) residual analysis does not reveal a systematic pattern. For inter-model comparison, we use sum of residual squares as the basis to determine which model fits better.
The Gompertz curve. The estimation results for the Gompertz curve using NLS are presented in Tables 3 and 4 for CIRRUS and PLUS, respectively. Figures 3 and 4 present a graphical depiction of the fit. The regression R2s are quite high and all estimated coefficients have significant t-statistics. The estimation results indicate a saturation level of 11,596 ATM locations for CIRRUS and 96,483 for PLUS. Overall, the Gompertz curve describes both growth patterns well, and hence, we cannot reject the Scurve hypothesis.
The logistic curve. Using NLS estimation, we were not able to obtain a logistic model that fits either CIRRUS or PLUS growth data well. In all instances, the estimation procedure either could not locate the function's minimum, it failed to converge, or the models had low R2 values. Thus, it appears that the logistic curve could not provide a good fit, and hence, we Cannot accept the logistic curve hypothesis.
Linear and exponential models were also fitted for comparison. Although R2 values are high and t-tests for parameters are significant for both CIRRUS and PLUS, residual analysis revealed that both models did not descnie the growth patterns well (e.g., Durbin-Watson values <.5 in all cases). Further inter-model comparison using sum of residual squares indicated that the linear model fits slightly better than exponential model, but both did not come close to the Gompertz model.
Regime Change and Revised Estimation
Our analysis showed that the Gompertz model fits well. However, we suspect that there might have'been a dramatic change in saturation level due to duality. An examination of Figures 1 and 2 reveals that the growth of CIRRUS and PLUS had slowed down by the first half of 1990, and then resumed at a faster pace. These growth rates coincided with the implementation of duality, allowing the members of CIRRUS and PLUS to join the other network. The resulting regime change appears to have greatly influenced the growth pattern of both CIRRUS and PLUS, potentially by increasing ultimate level of adoption.
Although the Gompertz and logistic curves assume a constant saturation level, they may nevertheless fit well the growth curve of an innovation that has a dynamic saturation level. Diffusion with a dynamic ceiling may still assume a sigmoidal form, and pass the tests of model fit. As suggested by Mahajan and Peterson (1985) , the implication of using a conventionaldiffusion model when there is dynamic saturation leads to erroneous parameter estimates, although not necessarily low Rz values or insignificant tstatistics for parameters. Hence, we cannot rule out the possibility that the regime change led to a higher saturation level. In order to test if there was indeed a regime change, we reestimated both the Gompertz and logistic models' for CIRRUS and PLUS using a revised data set, including all data up to the second quarter of 1990.
The Gompertz curve.
The revised estimation results for the Gompertz curve are presented in Tables 5 and 6 for CIRRUS and PLUS, respectively. Figures 5 and 6 show a graphical depiction of the fiL The Gompertz curve seemed to fit CIRRUS data very well, with an estimated saturation level of about 40,000 ATM locations, as opposed to 115,960 estimated with the full data set. The curve was at its maximum growth rate (inflection point) roughly in late 1987, when YT = 14,716. The network was driving towards maturity in mid 1990, when it reached about 60 percent of the saturation level.
To see if the Gompertz model has srubiZity and predictive vdidizy, we employed the commonly used one-step-ahead forecasting technique. We first estimated the Gompertz curve using as few as four observations, then used the derived parameters to forecast the next observation. The process continued iteratively until the last observation. We found that the Gompertz model became stable in terms of all estimated parameters after the eighth observation (May 1987) and before May 1990. This result is consistent with prior studies (Heeler and Hustad, 1980; Srinivasan and Mason, 1986) , which suggest that stable and robust parameter estimates can be obtained only if the data under consideration include the peak of the noncumulative adoption curve. Also, the model performed well in one-step-ahead forecasting before duality. Further statistical tests suggest that the predicted cumulative number of ATM locations would reach 26,039 in December 1990 (standard error (S.E.)=1549), 28,859 in December 1991 (S.E.=1494), and 30,661 in September 1992 (S.E.=1415), all at the p=.OOl leveL All observations after duality but one (December l w ) , fall outside of the 95 percent confidence intervals. Clearly, the basic Gompertz curve underestimated the growth, and failed to capture the jump in growth, which we argue is due to the regime change associated with duality.
To estimate the effect of duality on saturation level, we used a dummy variable, So', for observations after duality to represent the change in saturation level. The model thus incorporates some notion of a dynamic ceiling. We estimated the modified model and obtained an improved fit with R2=.996, and all parameters highly significant (S0=73,884, 8,'=40,410, S1=.02339, and S2=.9876 at p=.OOl). Assuming that S1 and S2 remain constant throughout the time period being modeled, the regime change appears to increase the saturation level by 40,410 ATM locations.
The Gompertz curve also fit the revised PLUS data set very well, with an estimated saturation level of about 66,OOO ATM locations, as opposed to 96,500 with the full data set. The curve would reach its inflection point when YT = 24,280, and was well on its way to its maximum growth rate in mid 1990. However, we found that the Gompertz model was unstable before and after duality, and did not perform well in one-step-ahead forecasting. Although it seemed that the Gompertz curve also underestimated the growth after network duality commenced, further statistical tests suggested that all observations after duality fall in the confidence intervals constructed using two S.E.
Hence, we cannot infer with confidence that there is a jump in network growth.
When a dummy variable was used for observations after duality was in effect, we were not able to obtain a significant model, despite a high R2 (936). In particular, So), which represents the change in saturation level, is not significantly different from zero. One plausible reason is that the assumption that B1 and B2 remain constant before and after duality did not hold. The regime change could have caused the change of the two parameters, in addition to raising the saturation level to a higher leveL Thus, it is possible that the model does not fit when there was in effect a change in saturation leveL
The logistic curve We also reestimated the logistic curves for CIRRUS and PLUS. Tables 7 and 8 present the estimation results for CIRRUS and PLUS, respectively. Figures 7 and 8 present a graphical depiction of the fit. It appears that the logistic curve fit both the CIRRUS and PLUS revised data sets very well.
The estimated saturation level is about 30,000 ATM locations for CIRRUS and 32,000 for PLUS. For CIRRUS, the maximum growth rate was achieved in late 1987 when the number of ATM locations grew to 15,000. In 1990, CIRRUS had.24,140 ATM locations, about 80 percent of the upper bound for network adoption. The growth of the PLUS network reached its inflection point when YT = 16,000, in the fourth quarter of 1988, and reached 68 percent of the estimated saturation level by May 1990.
Although the logistic models failed to fit the full CIRRUS and PLUS data sets, they performed very well with the revised data sets. However, the logistic models did not have adequate predictive validities, especially after duality when the network growth of both CIRRUS and PLUS were seriously underestimated. Further statistical tests suggest that all observations after duality fall outside of the confidence ,intervals constructed using two S.E. Hence, the logistic curve estimated using the revised data set failed to capture the jump in growth after duality.
Using a dummy variable for observations after duality, we were not able to obtain a significant model with CIRRUS and PLUS data. Hence, we were not able to obtain an estimate of the change of saturation level associated with duality. As was discussed earlier, it might be due to the unreasonable assumption that B, and f12 remain constant before and after duality.
The results of our revised estimation suggest that the move to duality has had a great impact on the growth pattern of both CIRRUS and PLUS. It appears that the saturation levels have been increased through this change, and this cannot be captured by the conventional Scurve saturation models. Yet, our statistical analysis indicates that both the Gompertz and logistic curves fit well when data associated with the regime change have been omitted.
Implications and Conclusions
Given that the Gompertz model fit the growth data of both networks well, we cannot reject the general Scurve hypothesis. Finding a conventional diffusion model that fits, however, does not rule out the possibility that there might have been a change in saturation level or other diffusion parameters. Our analyses provide some evidence of'a regime change due to duality, and indicate that the assumption of constant saturation may not hold in the presence of competition. In addition, we measured the effect of network externalities by estimating the change in saturation level, which conventional diffusion models have failed to capture.
Within a time frame in which there is no significant regime change or saturation level variation, conventionalscurve models describe the growth very well. In our analysis with the revised CIRRUS data set, we found that the estimated model had reasonable stability and predictive validity. Hence, it is possible to estimate an appropriate S-shaped growth model to depict the successive increases in the number of the adopters, identify the point where the maximum growth rate occurs (and where marginal network externalities are maximized), and predict the continued development of a diffusion process. This 'information will have value for managerial planning, and can offer normative guidelines for how an innovationshould be diffused to benefit the firms which invest in it (Mahajan and Muller, 1979) . For example, management can devise plans to increase the saturation level of adoption for the network, exploit the benefits of network economies of scale, and ensure that the adoption process of the network be self-sustaining.
Managers can also focus on identifying potential adopters, particularly large banks whose adoption can significantly increase the level of network externalities and induce others to adopt. When a network achieves the maximum growth rate and begins to mature, management can plan for a strategic move to create an opportunityfor an even higher level of growth. This can be achieved by identifying additional potential adopters or opening up a new service delivery channel to enhance the "reach" of the network, or by providing more differentiated network services to enhance the 'range" of the network (Keen, 1991) .
Network owner-operators have the incentive to grow and expand, and their strategic initiatives may cause profound regime change on the supply side. The implementation of duality in 1990 offers an example of a strategic move that has resulted in additional network growth. There are several plausible explanations for the jump in network growth after duality.
F a , the implementation of duality might represent a regime change. Because the number of cardholders nearly doubled and ATM transactions were expected to grow dramatically, more ATM deployment would readily be justified, and thus more ATM locations would be made available by the banks. Second, the ercess i n e h may have been overcome, and a bandwagon eflecr may have occurred because of duality (Farrell and Saloner, 1986; McAndrews, 1992) . In the absence of a clearly dominant standard, banking firms struggle to choose the one that will become dominant. With the move to duality, the contention between the two network technologies might have been reduced, and thus firms rushed to adopt, thinking that the network would become the dominant industry standard. In effect, a f i r m could elect to join either CIRRUS or PLUS and receive the benefits of both.
Interviews with senior managers at CIRRUS and PLUS support the view that both networks seem to have gained equally from duality. By the third quarter of 1992, about 70 percent of CIRRUS members and some 80 percent PLUS members had dual links. Moreover, both networks have enjoyed an annual growth of about 80 percent in terms of transaction volumes ever since duality. The decision of both networks to cooperate has resulted in a larger joint customer base, and a tremendous amount of growth that will lead to more efficient production of electronic banking services nationwide.
The standard Gompertz and logistic Scurve specifications are not powerful enough to detect the regime change if there was any. There are several possible extensions to the Gompertz and logistic curves that warrant further study.
These include models that can: 1) capture symmetric as well as asymmetric patterns with no restriction on the point of inflection; 2) capture time-varying parameters of adoption, including saturation levels; and, 3) incorporate additional explanatory variables such as product and market characteristics. In particular, because conventional diffusion models are not able to model the interaction between competing networks, product substitute models, such as the one proposed by Mahajan and Peterson (1985) , seem to be valuable.
The results of this study not only have implications for other telecommunications networks, such as SWIFT and credit card switching, but also for non-network products or technology standards subject to economies of scale and network externalities, such as computer operating systems (OSD, UNIX, and MS-DOS), computer architecture design (RISC and SISC), and video standards (VHS versus Beta).
The recent cooperation between major computer vendors offers a case in point. We caution the reader to note, however, that CIRRUS and PLUS are fundamentally identical technologies, while other technology standards may be quite different. 
